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(57) ABSTRACT 

A Wire grid polariZer (300) for polarizing an incident light 
beam (130) comprises a substrate having a ?rst surface. A 
grid or array of parallel, elongated, composite Wires (310) is 
disposed on the ?rst surface (307), and each of the adjacent 
Wires are spaced apart on a grid period less than a Wave 
length of incident light. Each of the Wires comprises an 
intra-Wire substructure (315) of alternating elongated metal 
(330a—i) Wires and elongated dielectric layers (350a—i). 

47 Claims, 15 Drawing Sheets 
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WIRE GRID POLARIZER 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

Reference is made to commonly-assigned US. patent 
application Ser. No. 09/799,281, now US. Pat. No. 6,532, 
111 B2 ?led Mar. 5, 2001, entitled WIRE GRID 
POLARIZER, by KurtZ et al. and US. patent application 
Ser. No. 09/977,544, ?led Oct. 15, 2001, entitled DOUBLE 
SIDED WIRE GRID POLARIZER, by Silverstein et al., the 
disclosures of Which are incorporated herein. 

FIELD OF THE INVENTION 

The present invention relates to Wire grid polariZers in 
general and in particular to multilayer Wire grid polariZers 
and beamsplitters for the visible spectrum. 

BACKGROUND OF THE INVENTION 

The use of an array of parallel conducting Wires to 
polariZe radio Waves dates back more than 110 years. Wire 
grids, generally in the form of an array of thin parallel 
conductors supported by a transparent substrate, have also 
been used as polariZers for the infrared portion of the 
electromagnetic spectrum. 

The key factor that determines the performance of a Wire 
grid polariZer is the relationship betWeen the center-to 
center spacing, sometimes referred to as period or pitch, of 
the parallel grid elements and the Wavelength of the incident 
light. If the grid spacing or period is long compared to the 
Wavelength, the grid functions as a diffraction grating, rather 
than as a polariZer, and diffracts both polariZations, not 
necessarily With equal ef?ciency, according to Well-knoWn 
principles. HoWever, When the grid spacing is much 
shorter than the Wavelength, the grid functions as a polariZer 
that re?ects electromagnetic radiation polariZed parallel (“s” 
polariZation) to the grid, and. transmits radiation of the 
orthogonal polariZation (“p” polariZation). 

The transition region, Where the grid period is in the range 
of roughly one-half of the Wavelength to tWice the 
Wavelength, is characteriZed by abrupt changes in the trans 
mission and re?ection characteristics of the grid. In 
particular, an abrupt increase in re?ectivity, and correspond 
ing decrease in transmission, for light polariZed orthogonal 
to the grid elements Will occur at one or more speci?c 
Wavelengths at any given angle of incidence. These effects 
Were ?rst reported by Wood in 1902, and are often referred 
to as “Wood’s Anomalies.” Subsequently, in 1907, Rayleigh 
analyZed Wood’s data and had the insight that the anomalies 
occur at combinations of Wavelength and angle Where a 
higher diffraction order emerges. Raleigh developed the 
folloWing equation to predict the location of the anomalies, 
Which are also commonly referred to in the literature as 
“Rayleigh Resonances.” 

Where epsilon (e) is the grating period; n is the refractive 
index of the medium surrounding the grating; k is an integer 
corresponding to the order of the diffracted term that is 
emerging; and lambda and theta are the Wavelength and 
incidence angle (both measured in air) Where the resonance 
occurs. 

For gratings formed on one side of a dielectric substrate, 
n in the above equation may be equal to either 1, or to the 
refractive index of the substrate material. Note that the 
longest Wavelength at Which a resonance occurs is given by 
the folloWing formula: 
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2 
7»=e(n+ sin 0) (2) 

Where n is set to be the refractive index of the substrate. 
The effect of the angular dependence is to shift the 

transmission region to larger Wavelengths as the angle 
increases. This is important When the polariZer is intended 
for use as a polariZing beamsplitter or polariZing turning 
mirror. 

In general, a Wire grid polariZer Will re?ect light With its 
electric ?eld vector parallel (“s” polariZation) to the Wires of 
the grid, and transmit light With its electric ?eld vector 
perpendicular (“p” polariZation) to the Wires of the grid, but 
the plane of incidence may or may not be perpendicular to 
the Wires of the grid as discussed here. Ideally, the Wire grid 
polariZer Will function as a perfect mirror for one polariZa 
tion of light, such as the S polariZed light, and Will be 
perfectly transparent for the other polariZation, such as the 
P polariZed light. In practice, hoWever, even the most 
re?ective metals used as mirrors absorb some fraction of the 
incident light and re?ect only 90% to 95%, and plain glass 
does not transmit 100% of the incident light due to surface 
re?ections. The performance of ire grid polariZers, and 
indeed other polariZation devices, is mostly characteriZed by 
the contrast ratio, or extinction ratio, as measured over the 
range of Wavelengths and incidence angles of interest. For a 
Wire grid polariZer or polariZation beamsplitter, the contrast 
ratios for the transmitted beam (Tp/Ts) and the re?ected 
beam (Rs/Rp) may both be of interest. 

Historically, Wire grid polariZers Were developed for use 
in the infrared, but Were unavailable for visible Wavelengths. 
Primarily, this is because processing technologies Were 
incapable of producing small enough sub-Wavelength struc 
tures for effective operation in the visible spectrum. 
Nominally, the grid spacing or pitch should be less than 
~)t/5 for effective operation (for p ~0.10—0.13 pm for visible 
Wavelengths), While even ?ner pitch structures (P~)\,/10 for 
example) can provide further improvements to device con 
trast. HoWever, With recent advances in processing 
technologies, including 0.13 pm extreme UV photolithog 
raphy and interference lithography, visible Wavelength Wire 
grid structures have become feasible. Although there are 
several examples of visible Wavelength Wire grid polariZers 
devices knoWn in the art, these devices do not provide the 
very high extinction ratios (>1,000:1) across broadband 
visible spectra needed for demanding applications, such as 
for digital cinema projection. 
An interesting Wire grid polariZer is described by Garvin 

et al. in US. Pat. No. 4,289,381, in Which tWo or more Wire 
grids residing on a single substrate are separated by a 
dielectric interlayer. Each of the Wire grids are deposited 
separately, and the Wires are thick enough (100—1000 nm) to 
be opaque to incident light. The Wire grids effectively 
multiply, such that While any single Wire grid may only 
provide 500: 1 polariZation contrast, in combination a pair of 
grids may provide 250,000:1. This device is described 
relative to usage in the infrared spectrum (2—100 pm), 
although presumably the concepts are extendable to visible 
Wavelengths. HoWever, as this device employs tWo or more 
Wire grids in series, the additional contrast ratio is 
exchanged for reduced transmission efficiency and angular 
acceptance. Furthermore, the device is not designed for high 
quality extinction for the re?ected beam, Which places some 
limits on its value as a polariZation beamsplitter. 
A Wire grid polariZation beamsplitter for the visible 

Wavelength range is described by Hegg et al. in US. Pat. No. 
5,383,053, in Which the metal Wires (With pitch p<<)t and 
~150 nm features) are deposited on top of metal grid lines, 
each of Which are deposited onto a glass or plastic substrate. 
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While this device is designed to cover much of the visible 
spectrum (0.45—0.65 pm), the anticipated polarization per 
formance is rather modest, delivering an overall contrast 
ratio of only 6.3:1. 
Tamada et al, in US. Pat. No. 5,748,368, describes a Wire 

grid polariZer for the near infrared spectrum (0.8—0.95 pm) 
in Which the structure of the Wires is shaped in order to 
enhance performance. In this case, operation in near infrared 
spectrum is achieved With a Wire structure With a long grid 
spacing ()t/2<p<)t) rather than the nominal small grid spac 
ing (p~)t/5) by exploiting one of the resonances in the 
transition region betWeen the Wire grid polariZer and the 
diffraction grating. The Wires, each ~140 nm thick, are 
deposited on a glass substrate in an assembly With Wedge 
plates. In particular, the device uses a combination of 
trapeZoidal Wire shaping, index matching betWeen the sub 
strate and a Wedge plate, and incidence angle adjustment to 
tune the device operation to hit a resonance band. While this 
device provides reasonable extinction of ~35 :1, Which 
Would be useful for many applications, this contrast is 
inadequate for applications, such as digital cinema, Which 
require higher performance. Furthermore, this device only 
operates properly Within narroW Wavelength bands (~25 nm) 
and the device is rather angularly sensitive (a 2° shift in 
incidence angle shifts the resonance band by ~30 nm). These 
considerations also make the device unsuitable for broad 
band Wavelength applications in Which the Wire grid device 
must operate in “fast” optical system (such as F/2). 

Most recently, US. Pat. Nos. 6,108,131 (Hansen et al.) 
and 6,122,103 (Perkins et al.), both assigned to Moxtek Inc. 
of Orem, Utah, describe Wire grid polariZer devices designed 
for the visible spectrum. Accordingly, US. Pat. No. 6,108, 
131 describes a straightforward Wire grid polariZer designed 
to operate in the visible region of the spectrum. The Wire 
grid nominally consists of a series of individual Wires 
fabricated directly on a substrate With a ~0.13 pm gridline 
spacing (p~)t/5), Wire nominal Width of 0.052—0.078 pm 
Wide (W), and Wire thickness (t) greater than 0.02 pm. By 
using Wires of ~0.13 pm grid spacing or pitch, this device 
has the required sub-visible Wavelength structure to alloW it 
to generally operate above the long Wavelength resonance 
band and in the Wire grid region. US. Pat. No. 6,122,103 
proposes a variety of improvements to the basic Wire grid 
structure directed to broadening the Wavelength spectrum 
and improving the ef?ciency and contrast across the Wave 
length spectrum of use Without requiring ?ner pitch struc 
tures (such as ~>\./ 10). Basically, a variety of techniques are 
employed to reduce the effective refractive index (n) in the 
medium surrounding the Wire grid, in order to shift the 
longest Wavelength resonance band to shorter Wavelengths 
(see equations (1) and This is accomplished most 
simply by coating the glass substrate With a dielectric layer 
Which functions as an anti-re?ectional coating, and 
then fabricating the Wire grid onto this intermediate dielec 
tric layer. The intermediate dielectric layer effectively 
reduces the refractive index experienced by the light at the 
Wire grid, thereby shifting the longest Wavelength resonance 
shorter. US. Pat. No. 6,122,103 also describes alternate 
designs Where the effective index is reduced by forming 
grooves in the spaces betWeen the Wires, such that the 
grooves extend into the substrate itself, and/or into the 
intermediate dielectric layer Which is deposited on the 
substrate. As a result of these design improvements, the loW 
Wavelength band edge shifts ~50—75 nm loWer, alloWing 
coverage of the entire visible spectrum. Furthermore, the 
average efficiency is improved by ~5% across the visible 
spectrum over the basic prior art Wire grid polariZer. 
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4 
While the devices described in US. Pat. Nos. 6,108,131 

and 6,122,103 are de?nite improvements over the prior art, 
there are yet further opportunities for performance improve 
ments for both Wire grid polariZers and polariZation beam 
splitter. In particular, for optical systems With unpolariZed 
light sources, Where system light ef?ciency must be 
maximiZed, polariZation beamsplitters Which provide high 
extinction of both the re?ected and transmitted beams are 
valuable. As the commercially available Wire grid polariZers 
from Moxtek provide only ~20:1 contrast for the re?ected 
channel, rather than 100:1, or more desirable 2,000:1, its 
utility is limited. Additionally, the performance of these 
devices varies considerably across the visible spectrum, With 
the polariZation beamsplitter providing contrast ratios for the 
transmitted beam varying from ~300:1 to ~1200:1 from blue 
to red, While the re?ected beam contrast ratios vary from 
10:1 to 30:1. Thus there are opportunities to provide polar 
iZation contrast performance in the blue portion of the 
visible spectrum in particular, as Well as more uniform 
extinction across the visible. Finally, there are also oppor 
tunities to improve the polariZation contrast for the trans 
mitted polariZation light beyond the levels provided by prior 
art Wire grid devices. Such improvements Would be of 
particular bene?t for the design of electronic imaging 
systems, such as electronic projection systems, including 
those for digital cinema. 

Thus, there exists a need for an improved Wire grid 
polariZer, particularly for use in visible light systems requir 
ing broad Wavelength bandWidth and high contrast (target of 
1,000:1 or greater). In addition, there exists a need for such 
an improved Wire grid polariZer for use at incidence angles 
of about 45 degrees. 

SUMMARY OF THE INVENTION 

Brie?y, according to one aspect of the present invention 
a Wire grid polariZer for polariZing an incident light beam 
comprises a substrate having a ?rst surface. A grid or array 
of parallel, elongated, conductive Wires is disposed on the 
?rst surface, and each of the adjacent Wires are spaced apart 
on a grid period less than a Wavelength of incident light. 
Each of the Wires comprises an intra-Wire substructure of 
alternating elongated metal Wires and elongated dielectric 
layers. The Wires can be immersed or imbedded Within an 
overall structure of the Wire grid polariZer, to facilitate useful 
optical devices. Design and fabrication methods for com 
pleting these Wire grid polariZer devices are also described. 

Additionally, as another aspect of the present invention, 
improved modulation optical systems, comprising a polar 
iZation based re?ective spatial light modulator, Which is 
generally a liquid crystal display (LCD), an improved Wire 
grid polariZation beamsplitter of the present invention, and 
other polariZation optics, are described in various con?gu 
rations. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a perspective vieW of a prior art Wire grid 
polariZer. 

FIGS. 2a and 2b are plots illustrating the relative perfor 
mance of prior art Wire grid polariZers and polariZation 
beamsplitters designed to operate Within the visible spec 
trum. 

FIGS. 3a and 3b are plots of transmitted, re?ected, and 
overall polariZation contrast ratios versus Wavelength in the 
visible spectrum for a Wire grid polariZation beamsplitter of 
a type described in the prior art. 

FIG. 4 is a contour plot of the overall contrast versus angle 
of incidence for 500 nm light for a Wire grid polariZation 
beamsplitter of a type described in the prior art. 
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FIGS. 5a—5f are sectional views of various con?gurations 
of the Wire grid polariZer according to the present invention. 

FIGS. 6a and 6b are graphical plots illustrating a re?ected 
and transmitted polarization contrasts ratio versus 
Wavelength, and the overall contrast ratio versus Wavelength 
for a Wire grid polariZer of the present invention, Wherein the 
device has a siX layer structure. 

FIGS. 7a—7d are graphical plots illustrating a re?ected 
and transmitted polariZation contrasts ratio versus 
Wavelength, and the overall contrast ratio versus Wavelength 
for a Wire grid polariZer of the present invention, Wherein the 
device has an eighteen layer structure. 

FIGS. 8a and 8b are graphical plots illustrating a re?ected 
and transmitted polariZation contrasts ratio versus 
Wavelength, and the overall contrast ratio versus Wavelength 
for a Wire grid polariZer of the present invention, Wherein the 
device has an alternate eighteen layer structure. 

FIGS. 9a and 9b are graphical plots illustrating a re?ected 
and transmitted polariZation contrasts ratio versus 
Wavlength, and the overall contrast ratio versus Wavelength 
for a Wire grid polariZer of the present invention, Wherein the 
device has a ?ve layer structure. 

FIGS. 10a and 10b are graphical plots illustrating a 
re?ected and transmitted polariZation contrasts ratio versus 
Wavelength, and the overall contrast ratio versus Wavelength 
for a Wire grid polariZer of the present invention, Wherein the 
device has an alternate ?ve layer structure. 

FIGS. 11a—11c are sectional vieWs of various con?gura 
tions of modulation optical systems that could utiliZe the 
Wire grid polariZers according to the present invention. 

FIGS. 12a—12c are sectional vieWs that sequentially illus 
trate the fabrication of the Wire grid polariZers according to 
the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Reference Will noW be made to the draWings in Which the 
various elements of the present invention Will be given 
numerical designations and in Which the invention Will be 
discussed so as to enable one skilled in the art to make and 
use the invention. 

FIG. 1 illustrates a basic prior art Wire grid polariZer and 
de?nes terms that Will be used in a series of illustrative 
eXamples of the prior art and the present invention. The Wire 
grid polariZer 100 is comprised of a multiplicity of parallel 
conductive electrodes (Wires) 110 supported by a dielectric 
substrate 120. This device is characteriZed by the grating 
spacing or pitch or period of the conductors, designated p; 
the Width of the individual conductors, designated W; and the 
thickness of the conductors, designated t. Nominally, a Wire 
grid polariZer uses sub-Wavelength structures, such that the 
pitch (p), conductor or Wire Width (W), and the conductor or 
Wire thickness (t) are all less than the Wavelength of incident 
light Abeam of light 130 produced by a light source 132 
is incident on the polariZer at an angle 0 from normal, With 
the plane of incidence orthogonal to the conductive ele 
ments. The Wire grid polariZer 100 divides this beam into a 
specularly re?ected light beam 140, and a non-diffracted, 
transmitted light beam 150. A high order diffracted light 
beam 160 could also be present, if the incident beam of light 
130 contains light of a Wavelength that sees the Wire grid 
structure of Wires 110 and grooves 115 as a diffraction 
grating rather than as a sub-Wavelength structure. The nor 
mal de?nitions for S and P polariZation are used, such that 
the light With S polariZation has the polariZation vector 
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6 
orthogonal to the plane of incidence, and thus parallel to the 
conductive elements. Conversely, light With P polariZation 
has the polariZation vector parallel to the plane of incidence 
and thus orthogonal to the conductive elements. 

Referring to FIG. 2a there is shoWn, for Wavelengths 
Within the visible spectrum, the transmission ef?ciency 
curve 200 and the transmitted “p” polariZation contrast ratio 
curve 205 for a commercially available Wire grid polariZa 
tion beamsplitter from MoXtek Inc. of Orem, Utah. This 
device is similar to the basic Wire grid polariZation beam 
splitter described US Pat. No. 6,108,131, Which has ~130 
nm pitch (p~)t/5) Wires (parallel conductive electrodes 110) 

made With a 40—60% duty cycle (52—78 nm Wire Width deposited on a dielectric substrate 120. The solid metal Wires 

are de?ned to be >20 nm thick, Which guarantees suf?cient 
metal thickness that the skin depth (6) is exceeded for visible 
Wavelengths. This data is representative for this device for a 
modest NA (numerical aperture) light beam, incident on the 
Wire grid polariZer 100 at an angle of incidence (0) of 45°. 
As this device divides the incident beam of light 130 into 
tWo outgoing polariZed beams (140 and 150), that travel 
paths spatially distinguishable from the incoming light path, 
this device is considered to be a polariZing beamsplitter. The 
transmitted contrast ratio curve 205 measures the average 
contrast of the transmitted “p” polariZed light, relative to the 
transmitted “s” polariZed light (Tp/Ts), Where the “s” polar 
iZed light is undesirable leakage. LikeWise, the re?ected 
contrast ratio curve 210 measures the average contrast of the 
re?ected “s” polariZed light relative to the “p” polariZed 
light (Rs/Rp). Referring to FIG. 2b, there is shoWn for 
Wavelengths Within the visible spectrum, the average per 
formance for a commercially available Wire grid polariZer 
100 from MoXtek for a normally incident (0=0°) modest NA 
beam of light 130. In particular, the transmission ef?ciency 
curve 220 and the transmitted contrast ratio curve 225, are 
provided (for “p” polariZed light). The performance of both 
of these devices, Which generally provide “p” polariZation 
transmitted beam contrasts >30011 is quite good, and satis 
factory for many applications. 

Although the performance curves shoWn in FIGS. 2a and 
2b are very good relative to pre-eXisting Wire grid devices, 
as Well as pre-eXisting polariZers in general, there is yet 
room for improvement. In particular, the contrast ratio of the 
re?ected “s” polariZed beam is rather loW, as measured by 
the re?ected contrast ratio curve 210, for the Wire grid 
polariZing beamsplitter. PolariZation contrast is only 10:1 in 
the blue spectrum (at 450 nm), and even in the red (650 nm), 
it has risen only to ~4011. In applications Where both the 
re?ected and transmitted beams need good polariZation 
contrast, this performance is insuf?cient. As an example, in 
LCD based electronic projection systems, Where the pro 
jected light is both transmitted through and re?ected off of 
the polariZation beamsplitter and Where the beams are fast 
(F/4 or less), the loW performance in re?ection Will require 
that the system be augmented With additional components. 
Additionally, While this prior art Wire grid polariZation 
beamsplitter provides contrast ~1200:1 in the red, the polar 
iZation varies considerably With Wavelength, and falls to 
~400:1 in the loW blue (see again transmitted contrast ratio 
curve 205 of FIG. 2a). 
The performance level of the basic Wire grid polariZer can 

be improved by changing the Width of the Wires, the 
thickness of the Wires, the pitch of the Wires, or any 
combination of these three. HoWever, these design changes 
may not necessarily provide contrast ratios desired for the 
re?ected beam or across the required Wavelength bands. 
Moreover, the improvements in Wire grid design perfor 
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mance described in US. Pat. No. 6,122,103, Which broaden 
the Wavelength pass band and increase transmission ef? 
ciency by modifying the interaction of the incident light With 
the dielectric substrate 120 Will also not necessarily provide 
sufficient contrast ratios for broadband visible high contrast 
applications. The Wire grid polariZers of US. Pat. Nos. 
6,108,131 and 6,122,103, as Well as the other cited prior art 
Wire grid device patents only exploit resonance effects 
Within the plane(s) of the elongated Wires (X:Y plane of FIG. 
1), Which comprise the Wire grid polariZer or polariZation 
beamsplitter. As the incident light interacts With the Wires 
and the dielectric substrate 120 simultaneously, the struc 
tural details at the interface also affect performance (as 
discussed in US. Pat. No. 6,122,103). Thus the plane of the 
Wires should be considered to include the Wires themselves 
as Well as the immediate surface and subsurface of the 
dielectric substrate 120. 

In order to provide a benchmark for the improved devices 
of the present invention, some prior art devices Were ana 
lyZed in greater detail. FIG. 3a shoWs the calculated 
re?ected and transmitted polariZation contrast ratios as a 
function of Wavelength for a device similar to the prior art 
Wire grid polariZation beamsplitter described in US. Pat. 
No. 6,108,131. This analysis Was modeled using the Gsolver 
grating analysis softWare tool, Which alloWs sub-Wavelength 
structures to be thoroughly modeled using rigorous coupled 
Wave analysis (RCWA). Gsolver is commercially available 
from Grating Solver Development Company, PO. Box 353, 
Allen, Tex. The Wire grid device Was modeled as a series of 
parallel elongated Wires formed directly on the transparent 
glass substrate. The analysis assumes an aluminum Wire grid 
With period p=0.13 pm, conductor Width W=0.052 pm (40% 
duty cycle), conductor thickness t=0.182 um, and substrate 
refractive index n=1.525. For simplicity, this analysis only 
considers a collimated beam incident on the Wire grid 
polariZation beamsplitter at an angle 0=45°. FIG. 3a pro 
vides the collimated transmitted beam contrast 250 (Tp/Ts) 
and the collimated re?ected beam contrast 255 (Rs/Rp). The 
calculated transmitted beam contrast 250 ranges from 
10“—105 :1 across the visible spectrum, Which is much 
greater than the ~1,000:1 levels reported for the actual 
device, as shoWn in FIG. 2a. HoWever, plot 250 of FIG. 2a 
represents the angle averaged performance of an actual 
device, While plot 250 of FIG. 3a represents the theoretical 
performance of a collimated beam though a perfect device. 
FIG. 3a also shoWs the theoretical re?ected beam contrast 
255 as modeled for this prior art type Wire grid devices. The 
calculated theoretical re?ected beam contrast ranges from 
~10:1 to ~100:1 over the visible spectrum, and is only 
marginally better than the re?ected beam contrast 255 given 
in FIG. 2a for an actual device. FIG. 3b shoWs a plot of the 
theoretical overall contrast 275, Where the overall contrast C 
is calculated as: 

The overall contrast C, Which combines the contrast of the 
transmitted light beam 150 (“p” polariZation) With the 
contrast of the re?ected light beam 140 (“s” polariZation), 
can be seen to be mostly determined by the loWest contrast 
ratio, Which is the contrast for the re?ected light beam. Thus, 
the overall contrast of the prior art type device per US. Pat. 
No. 6,108,131 is limited by the “s” polariZation re?ected 
beam, and is only ~10:1 to ~100:1 Within the visible 
spectrum, With the loWest performance for blue Wave 
lengths. 

FIG. 4 shoWs the modeled variation of the overall contrast 
ratio C as contour lines versus angle at 500 nm for this same 
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8 
prior art type device (0,0 coordinate corresponds to 45°). 
This shoWs that the overall contrast ratio 275 varies signi? 
cantly With incidence angle, from ~23:1 at 45° incidence, to 
~14:1 at ~55° incidence (polar angle+10 ) to ~30:1 at ~35° 
incidence (polar angle+10°, aZimuthal angle 180°). Thus, 
FIG. 4 effectively shoWs hoW the overall contrast ratio is 
average loWer by having large NA incident beams of light. 
Of course, the overall contrast C is limited by the re?ected 
contrast (Rs/Rp). A similar analysis of just the transmitted 
beam contrast (Tp/Ts) versus angle shoWs the contrast 
contour lines folloW a “Maltese Cross” pattern, With very 
high contrast values (>104:1) only in a very narroW angular 
range, While average contrast values of ~800:1 can be found 
Within a fairly Wide (>12°polar, 25° aZimuthal) angular 
range. The light ef?ciency Was also modeled With Gsolver, 
basically verifying the transmission ef?ciency curve 200 of 
FIG. 2a. The transmission ef?ciency for “p” polariZed light 
Was fairly uniform ~87% across most of the visible 
spectrum, While the re?ected “s” light ef?ciency Was a very 
uniform ~92% across the visible spectrum. 

Wire grid polariZer 300 of the present invention, as shoWn 
as a sectional vieW in FIG. 5a, employs a construction 
Wherein each of the elongated composite Wires 310 (or 
parallel conductive electrodes) has a strati?ed internal struc 
ture comprised of a series of multiple elongated metal Wires 
(320, 322, 324) and alternating elongated dielectric strips 
(dielectric layers 340, 342, 344) deposited on a transparent 
dielectric substrate 305. By properly constructing the com 
posite Wires 310 of the Wire grid polariZer, With the respec 
tive thickness of the metal Wires and the dielectric layers 
properly de?ned, a combination of photon tunneling and the 
intra-grid resonance effects can be exploited to enhance the 
performance of the polariZer. In contrast to the prior art Wire 
grid polariZers, the Wire grid polariZers of the present 
invention not only uses resonance effects Within the plane 
(X:Y plane) of the elongated Wires, but also uses resonance 
effects betWeen multiple parallel intra-Wire planes along the 
Z axis to de?ne and enhance the performance. It should be 
understood that the Wire grid polariZers 300 depicted in FIG. 
5a—5d are not to scale illustrations, and the composite Wires 
310 are exaggerated to shoW the intra-Wire substructure of 
elongated metal Wires alternating With dielectric layers. As 

previously, With the prior art Wire grid devices, the pitch and the Wire Width (W) are sub-Wavelength in dimension 

(~)t/5 or smaller). The Wire thickness (t) is also nominally 
sub-Wavelength as Well, although not necessarily so, as Will 
be discussed. 

In particular, the design of the Wire grid polariZers of the 
present invention is based upon the use of a little knoWn 
physical phenomena, resonance enhanced tunneling, in 
Which properly constructed metal layers can be partially 
transparent to incident light. This phenomena, Which occurs 
When a photonic band gap structure is constructed Which 
enables resonance enhanced tunneling, is described in the 
literature, for example in a survey article “Photonic Band 
Gap Structure Makes Metals Transparent” in OE Reports, 
December 1999, pg. 3. The concepts are also described in 
greater detail in the article “Transparent, Metallo-Dielectric, 
One-Dimensional, Photonic Band-Gap Structures” in J. 
App. Phys. 83 (5), pp. 2377—2383, Mar. 1, 1998, by M. 
Scalora et al. 

Traditionally, incident light is considered to only propa 
gate through a metal ?lm only a short distance, knoWn as the 
skin depth (6), before re?ection occurs. Skin depth can be 
calculated by equation (4) as folloWs: 

sat/4m, (4) 
Where the calculated depth corresponds to the distance at 
Which the light intensity has decreased to ~1/e2 of its value 




















